The gathering strength of the messenger hypothesis,' and accumulating evidence in favor of polyribosomes as the sites of protein synthesis,2 are exerting strong influence on current research in chemical embryology. The scheme now generally accepted for microorganisms and certain mammalian cells" 2 provides a number of specific mechanisms by which cellular differentiation could be initiated and controlled. Their essential feature is a direct genomic regulation of the spectrum of proteins made in different cells of the developing organism.
The gathering strength of the messenger hypothesis,' and accumulating evidence in favor of polyribosomes as the sites of protein synthesis,2 are exerting strong influence on current research in chemical embryology. The scheme now generally accepted for microorganisms and certain mammalian cells" 2 provides a number of specific mechanisms by which cellular differentiation could be initiated and controlled. Their essential feature is a direct genomic regulation of the spectrum of proteins made in different cells of the developing organism.
Sea urchin eggs, with a long history of use in experimental embryology,3 are a particularly favorable material, because they can be obtained in quantity, develop with excellent synchrony, and are reasonably permeable to labeled precursors. During the past two years, a conflict has arisen from experiments on macromolecule synthesis during early development in these forms. Some of the data were available earlier, but the conflict itself stems from the requirements of the current scheme of protein synthesis, according to which the sequence information is carried by moreor-less unstable messenger RNA's. Protein synthesis is either greatly stimulated or actually switched on at fertilization. RNA synthesis is negligible or absent before fertilization, and even after fertilization, is either very slow4-6 or absent.7 Brachet et al.7 and Gross and Cousineau8 have expressed doubt that the postfertilization synthesis of messenger RNA could be sufficient to account for the observed stimulation of protein synthesis. Nemer5 and Wilt,6 among others, consider that postfertilization RNA synthesis does supply missing templates, and that this gives competence to previously inactive ribosomes and may therefore switch on protein synthesis. The inactivity of ribosome preparations from unfertilized eggs, their activation upon fertilization, and their responsiveness to poly-U9 10, 12, 24 have been used in support of the second hypothesis. Consideration of the behavior of parthenogenetic merogones and experiments with actinomycin D4 11 have, however, led Gross and Cousineau8 to support the idea that templates for the early proteins may pre-exist in the unfertilized egg. Tyler'2 has reported experiments on egg fragments and homogenates thereof whose results are consistent with such an idea.
The experiments reported here do not prove that templates pre-exist in the unfertilized egg; but if templates are a requirement for all protein synthesis, they make such a conclusion reasonable. They suggest strongly that the early acceleration of protein synthesis following fertilization cannot depend upon new messenger RNA. The strategy is based upon the following considerations. Failure to label RNA with exogenous precursors after fertilization is necessary but not sufficient evidence that no RNA is being synthesized. For various reasons, the pools of immediate precursors might be inaccessible to exogenous label. More useful would be a system in which messenger RNA synthesis is demonstrated, or in which some heavy, nonribosomal RNA can be labeled. If the synthesis of these RNA's were then turned off without an accompanying depression of protein synthesis, and if the block to RNA synthesis were imposed at fertilization, then it could be concluded that some, at least, of the first proteins made in development are assembled independently of genomic readout (cf. Gross et al. 13 ).
Materials and Methods.-Two species of sea urchins were used. Arbacia punctulata was obtained at Woods Hole, and Lytechinus pictus was supplied from the California coast through the kindness of Professor Albert Tyler. The gametes were obtained by routine methods for each species: excision of ovaries and testes for Arbacia, and isotonic KCl injection for Lytechinus. In all experiments, the eggs were used only if they gave 90% or better fertilization after any pretreatment.
Protein synthesis: Eggs were suspended at a density of about 104 ml-' in MBL artificial sea water.14 They were fertilized by the addition of 1 ml of 1% sperm suspension per 100 ml of egg suspension. At various intervals thereafter, 1-ml aliquots were removed to test tubes containing: 0.05 ml C'4-L-valine, 10 Mc/ml and 5.8 jig/ml (from New England Nuclear Corp.); 0.025 ml unlabeled valine (200 ug/ml); and 0.075 ml double-strength artificial sea water.14 The embryos were agitated in this medium by very gentle bubbling with air; after 20 min, incorporation was stopped by adding trichloroacetic acid (TCA) to a final concentration of 5%, plus 0.5 mg/ml unlabeled valine. After centrifugation, the pellets were resuspended in cold TCA and stored in the cold. They were then brought to 90'C in 5% TCA and held there for 20 min, washed again in cold TCA, and dissolved in N NaOH. Proteins were reprecipitated with acid and then washed with water, ethanol-ether-chloroform (2:2:1), and ether, and finally air-dried. The dry protein was dissolved in 1 ml of N hyamine hydroxide in methanol," and mixed for liquid scintillation counting with Bray's solution.'6 Triplicate samples of the embryo suspensions were collected and treated as described, except that the final precipitate was dissolved in 0.5 N NaOH and analyzed for protein by the method of Lowry et al. '7 RNA extraction: RNA was extracted from embryos (which had been centrifuged and frozen at -40'C) by the hot phenol method, essentially as employed by Scherrer and Darnell."8 Pellets were resuspended in 3 ml of homogenization medium (sodium acetate buffer, 0.01 M, pH 5; NaCI, 0.1 M; MgCl2, 10-' M; sodium dodecyl sulfate, 0.5%, bentonite, 1 mg/ml; unlabeled uridine, 1 mg/ml). Bentonite was purified according to Fraenkel-Conrat et al. 19 The pellets were homogenized by hand for 1 min in a Potter-Elvejhem homogenizer with a Teflon pestle and immediately brought to 60'C and combined with hot water-saturated phenol. Three extractions were performed, and then the aqueous phase was incubated for 15 min with 0.25 mg of 2 X crystallized DNAase (Nutritional Biochemicals Corp.), followed by a fourth phenol extraction. The RNA was precipitated from the final chilled aqueous layer with addition of two volumes of cold ethanol. Phenol was removed by washing the precipitate with ether. The RNA was stored as a precipitate under 75% ethanol; for sedimentation analysis it was dissolved in sodium acetate buffer (0.01 M), pH 5, containing NaCl (0.1 M) and MgCl2 (10-'M).
Sedimentation analysis: 0.2 ml of the RNA solution were layered atop 4.5 ml of a sucrose gradient (5-20% w/w, linear, in acetate-NaCl-MgCl2). The sucrose had been stirred overnight in the cold with 1 mg/ml bentonite, then cleared by high-speed centrifugation. Gradients were centrifuged for the times indicated in the figure legends at 37,000 rpm in a Spinco Model L centrifuge, swinging-bucket head type SW-39L. Fractions were collected dropwise from the tubes. These were diluted to 1 ml for measurement of the optical density at 260 m/u and for scintillation counting in Bray's solution. Sample gradients were checked for linearity in a sugar refractometer. E. coli 4S RNA and hemoglobin were used as sedimentation velocity markers. H3-and C'4-uridine were used to label RNA in these experiments and were obtained from the New England Nuclear Corporation or Schwarz BioResearch, Inc. Activity data are given in the appropriate figure legends. Results are shown in Figure 1 . In controls, protein synthesis began at fertilization, and the rate rose steadily for about 3 hr. It remained high and constant until 8 hr postfertilization, then rose rapidly again for the next 7 hr, attaining a level twice that of the initial plateau. From the fifteenth to the twenty-sixth hour, there was no change. In embryos which had been exposed to 20 ug/ml of actinomycin D for 3 hr before fertilization, the postfertilization release of protein synthesis took place just as in the controls. By 5 hr, the rate was somewhat higher than in the controls. This condition persisted until the controls began to enter the second acceleration. Actinomycin-treated embryos showed no sign of this second rate increase; the rate of protein synthesis now began a slow decline. At the end of the experiment, actinomycin embryos were still incorporating labeled amino acid at about the same rate as had been attained 2 hr after fertilization.
(2) Effect of actinomycin on the synthesis of heavy RNA: (a) Arbacia: Eggs were suspended in MBL artificial sea water alone or with 20 ,ig/ml actinomycin D at a density of 2 X 104 cells (0.58 mg protein) per ml. Following a 3-hr preincubation at 230C, the eggs were fertilized and placed in contact with tritiated uridine.
Further details are given in the legend to Figures 2 and 3 . The time of exposure to labeled precursor was 20 min. Figure 2 shows the sedimentation behavior of the control RNA, and Figure 3 that of the RNA from actinomycin-treated embryos. Centrifugation was sufficiently prolonged to spread the 18AS region over the gradient, since it was anticipated, on the basis of Wilt's6 observations and others, that much of the label would be found there. Labeled RNA in controls was found, however, throughout the gradient, significant amounts of it heavier than 18S. The O.D. readings represent ribosomal and transfer RNA. There was a large incorporation into the 4S region as well. The nature of the peak of radioactivity in the lOS region is unknown, but it is not due to DNA. sedimenting at 4S and less is very rapid. Much of it may reflect end-labeling of ? the terminal CCA sequence of transfer RNA, via conversion of the uridine to cytidine. The important point, however, is that there is no detectable incorporation of label into heavier species of RNA. On the assumption that messenger RNA's, coding for polypeptides of normal length, would sediment at rates faster than 4S,23 we may conclude that actinomycin had at least severely depressed messenger RNA synthesis.
(b) Lytechinus RNA and protein synthesis: This result seemed worth confirming in another species. Eggs of Lytechinus pictus were accordingly preincubated with or without actinomycin (20 /hg/ml) for 200 min. The suspensions were each then divided; an aliquot was placed in contact with C'4-valine (0.20 4c and 5 pg/ml) for measurement of amino acid incorporation into protein, and another was given C14-uridine to label the RNA. All suspensions were then fertilized simultaneously, and incubated at 170C for 1 hr. This interval is equivalent to the 20-min pulse given Arbacia eggs at 230; at the end of it, all eggs, both controls and actinomycin-treated, were in metaphase of the first division.
At the end of the hour, the suspensions were quickly chilled and centrifuged; the RNA-labeled eggs were frozen and processed for sucrose-gradient analysis; protein-labeled eggs were fixed with 5 per cent TCA.
The actinomycin-treated embryos incorporated somewhat more amino acid into RNA whose sedimentation is noncoincident with that of the ribosomal RNA represented by the first two optical density peaks (at 28S and 18S, approximately5), as well as a relatively heavy incorporation into material sedimenting at 4S and less.
In the presence of actinomycin, the 4S material is labeled as in the control, but there is no measurable incorporation into heavy molecules. (3) Developmental effects: While we are not here primarily concerned with developmental implications, it is worth documenting the characteristic effects of actinomycin on mitosis and differentiation for the same experiment in which both early protein and early RNA synthesis data are available. Aliquots of the two suspensions of Lytechinus eggs used in the sedimentation analysis were permitted to remain in the waterbath. After 18 hr, controls were rapidly swimming mesenchyme-blastulae, as exemplified by Figure 6a . The embryos in actinomycin had divided at about the same rate as the controls, and had produced a blastocoel, but none had altered beyond an early blastula morphology, except that continued cell division had caused numbers of cells to loosen from the blastula wall. Half of the embryos had formed cilia and were rotating sluggishly; the others had not. One third had hatched. Figure 6b shows one of the actinomycin embryos at this time, with its fertilization membrane still intact. Figure 6c is a phase-contrast surface view of the actinomycin embryo, provided to show that mitotic division, and not fragmentation, was taking place: the phase contrast optics reveal normal cell-contact planes and the fact that every cell has a nucleus. One of the cells in the optical plane is at metaphase.
Discussion and Conclusions.-Biological and chemical implications of a complete but inhibited system of protein synthesis (including templates) in the unfertilized egg are discussed at length elsewhere. Failure of the second rise in protein synthesis rate suggests that an important class of new messenger RNA's has not been elaborated; the timing of this rise in controls suggests a relation to the differentiation of primary mesenchyme, skeleton formation, and gastrulation.
We conclude that the release of protein synthesis from whatever inhibits it in the unfertilized egg does not require messenger RNA synthesis. Since defective ribosomes,10 absence of transfer RNA,24 and deficiency in amino acid-activating enzymes25 have been eliminated as possible causes of the inhibition, its nature remains a problem.
The low molecular weight RNA that does become labeled in the presence of actinomycin D might represent incomplete messenger fragments, capable of stimulating the synthesis of some abnormal polypeptides. It is known, however, that the sea urchin egg must make some proteins for each division,26 and presumably serious changes in the character of proteins made after fertilization would lead to inhibition of mitosis. But the actinomycin-treated embryos divide at normal or near-normal rates, indicating that some of the proteins being assembled are also normal.
We now consider it, therefore, a good working hypothesis that the first proteins are made by the embryo independently of direct genomic control; that their templates (if all protein synthesis requires templates) are present in the unfertilized egg. It is perhaps of interest that many or all of these templates bear information about the proteins needed for cell division,27 but not about differentiation beyond the early blastula.
Summary.-In the presence of actinomycin D, two species of sea urchin egg fail to incorporate isotopically labeled uridine into RNA of high molecular weight, while controls do so. Both actinomycin-treated and control eggs do begin to synthesize new proteins immediately after fertilization. It is concluded that the release of protein synthesis from its prefertilization inhibition is not a result of the synthesis of new messenger RNA. Such synthesis is required for normal development beyond the early blastula. 
